Miettinen, J. 2007. Burnt area mapping in insular Southeast Asia using medium resolution satellite imagery. Dissertationes Forestales 45. 45 p. Available at http://www.metla.fi/dissertationes/df45.htm Yearly biomass burning affects humid tropical insular Southeast Asia and causes a variety of effects ranging from human health problems and economic losses to ecological destruction and large carbon emissions. Burnt area mapping in this region using medium resolution (250-500m) satellite imagery is characterized by persisting cloud cover, wide range of land cover types, vast amount of wetland areas and highly varying fire regimes. The objective of this study was to deepen understanding of three major aspects affecting the implementation and limits of medium resolution burnt area mapping in insular Southeast Asia: 1) fire-induced spectral changes, 2) most suitable multitemporal compositing methods and 3) burn scars patterns and size distribution.
The results revealed a high variation in fire-induced spectral changes depending on the prefire greenness of burnt area, which consequently had a strong effect on the best indicators of burning among wavelengths and multi-band indices in different areas. Therefore, it was concluded that this variation needs to be taken into account in change detection based burnt area mapping algorithms in order to maximize the potential of medium resolution satellite data. Minimum near infrared (MODIS band 2, 0.86µm) compositing method was found to be the most suitable for burnt area mapping purposes using Moderate Resolution Imaging Spectroradiometer (MODIS) data. Due to persisting cloud cover a compositing period no shorter than one month was recommended.
In general, medium resolution burnt area mapping was found to be usable in the wetlands of insular Southeast Asia, whereas in other areas the usability was seriously jeopardized by the small size of burn scars. The suitability of medium resolution data for burnt area mapping in wetlands is important since recently Southeast Asian wetlands have become a major point of interest in many fields of science due to yearly occurring wild fires that not only degrade these unique ecosystems but also create regional haze problem and release globally significant amounts of carbon into the atmosphere due to burning peat.
Finally, super-resolution MODIS images were tested as a potential solution to the problem of small burn scars. However, the test failed to improve the detection of small scars. Therefore, super-resolution technique was not considered to be applicable to regional level burnt area mapping in insular Southeast Asia.
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ABBREVIATIONS
INTRODUCTION Vegetation fires in tropical regions
It has been estimated that vegetation fires affected 350 Mha worldwide in the year 2000 (Tansey et al. 2004 ). Up to 70% of the world's vegetation fires occur in tropical regions (Dwyer et al. 2000) , where fire is an essential and frequently occurring part of ecosystem dynamics in some ecosystems (e.g. savanna), but can be disastrous in others (e.g. humid tropical evergreen forest). During the past decades, vegetation fires in tropical regions have attracted growing amount of attention and are becoming an increasingly important global environmental issue. The current fire frequency in the tropics is considered to be extraordinarily high in longterm historical perspective, due to anthropogenic biomass burning (Bird and Cali 1998) . The majority of fires in tropical regions are man-made (Dwyer et al. 1999) . Ignition sources include e.g. land management (agricultural field preparation, land clearance, pasture land treatment etc.), deliberate ignition in land tenure conflicts, hunting, negligence (cigarette stumps, camp fires etc.) and pest control (Andreae 1991 , Qadri 2001 , Suyanto 2006 ). In addition, even prescribed fires often develop into uncontrolled wild fires, especially in dry grasslands/savanna and in drained peatlands (Rieley and Page 2005) .
The effects of fires vary considerably depending on the region they occur in. Ecosystems in the dry tropics are typically better adapted to fires and the effects are less dramatic from the ecological point of view compared to humid tropical regions where fire in natural conditions is rare (Sanford et al. 1985 , Goldammer 2006 ) and ecosystems have not adapted to it. Nevertheless, total or partial destruction of vegetation cover by fire always affects species composition and nutrient flux in a variety of ways (Dwyer et al. 1999) and causes a wide range of secondary effects including local human health problems, economic losses and globally significant emissions of trace gasses and aerosol particles that play important roles in atmospheric chemistry and climate (Crutzen and Andreae 1990, Qadri 2001) . Biomass burning has been estimated to contribute up to 40% of the annual carbon released into the atmosphere by human activities (Levine 1996a , Page et al. 2002 , Cochrane 2003 . Since rising carbon dioxide concentration in the atmosphere has been generally seen as one of the causes of global climate change, vegetation fires in the tropical regions can hardly be seen as regional problems anymore.
Monitoring of the occurrence and effects of vegetation fires
General
Large scale (from regional to global level) estimation of burnt area/biomass is needed to quantify the effects of vegetation fires. Regardless of the increasing interest in and understanding of the effects of biomass burning in both the regional and global levels, quantitative large scale burnt area mapping results are hard to come by in the tropical areas (FAO 2006) . This hinders reliable operational estimations of the regional and global effects of vegetation fires. Estimation of burnt area is considered to be one of the factors providing the greatest uncertainty in calculating the amount of burnt biomass and emitted gases at the regional and global levels (Levine 1996b) . Until recently, large scale estimates have been mainly based on extrapolation of smaller scale results or use of national statistics, which may have been inaccurate due to insufficient resources (Tansey et al. 2004) . Recently an increasing amount of effort has been put into investigating suitable materials and methods for large scale burnt area mapping and to produce global estimates of the amount of burnt surface using satellite data (e.g. Tansey et al. 2004 , Roy et al. 2005 , Silva et al. 2005 , Giglio et al. 2006 .
Large scale assessments of the occurrence and effects of fires have been conducted mainly with ERS ATSR, NOAA AVHRR, SPOT VEGETATION and Terra/Aqua MODIS satellite sensors. These sensors have a high temporal resolution (almost daily) due to wide viewing swaths (512km-3000km), while their spatial resolution varies between 250m (two bands in MODIS) and around 1km (all other sensors) and they include varying amounts of spectral bands of varying widths. Two fundamentally different approaches can be used to estimate the occurrence and effects of fires: active fire detection and burnt area mapping. This study concentrates on burnt area mapping. Active fire detection is merely briefly presented in order to highlight the major differences between these two approaches.
Active fire detection
Active fire detection (i.e. hotspot detection) is based on the detection of the TIR radiation emitted by fires. Hotspot detection is typically performed on a daily basis and it can be considered as the most suitable and effective way to determine the seasonality, timing and interannual variation of fires (Eva and Lambin 1998a) . However, hotspot detection has some major disadvantages including e.g. a possible bias caused by the combination of regional burning practices and fixed overpass times of the satellites (Eva and Lambin 2000) , and even more severely, problems with cloud cover that may be especially harmful in the humid tropical areas that often remain covered by clouds for extended periods of time.
In addition, compared to burn scar mapping, hotspot detection holds less potential for estimation of the effects of the fires due to its inability to measure the total area affected by fire let alone the proportion of burnt surface in the fire affected area. A pixel 1km 2 in size can be saturated by a fire no larger than 0.001km 2 leading to great uncertainty about the size of the burn scar created by the detected fire. Nevertheless, due to great need for information on the effects of vegetation fires and the lack of more reliable data, the possibilities to use hotspots to estimate the extent of burnt area has been tested both globally (e.g. Giglio et al. 2006 ) and regionally (e.g. Eva and Lambin 1998a, Stolle et al. 2004 ) with varying success.
Burnt area mapping
Burnt area mapping, on the other hand, aims at detecting and delineating scars left by fires using their spectral signature and/or fire-induced spectral changes. It provides us with means to measure the extent of burnt areas and potentially the proportions of burnt surface in fire affected areas. This information can further be used in conjunction with other data (e.g. pre-fire maps of land cover, soil/peat, biomass etc.) to estimate the effects of the fires (e.g. carbon release, effects on ecosystems, economic losses etc.). During the last ten years, large scale burnt area mapping has been widely studied with coarse (~1000m) and medium (250-500m) resolution ERS ATSR (Eva and Lambin 1998b) , NOAA AVHRR (Barbosa et al. 1998 , Roy et al. 1999 , Fuller and Fulk 2001 , Nielsen et al. 2002 , SPOT VEGETATION (Stroppiana et al. 2002 , 2003 ) and MODIS (Martín et al. 2002 , Roy et al. 2002 , Sá et al. 2003 , Chuvieco et al. 2005 sensors.
Three major aspects of coarse/medium resolution burnt area mapping can be identified which affect burn scar detection and interpretation of the resulting burnt area maps, these are: 1) fire-induced spectral changes and spectral signature of burnt areas, 2) selection and preprocessing of satellite data and 3) effects of spatial resolution of the satellite data compared to burn scar patterns and size distribution. This study concentrates on these three aspects. In the following paragraphs, current knowledge on these fields of science is briefly summarized.
1) Studies concentrating on the first aspect deal with spectral differences between burnt surface and other land surfaces and thereby create the basis for detection algorithms. In theory, burn scars show low reflectance values due to dark ash and therefore burning typically causes a drop in reflectance. However, recent studies have shown that burning may also cause a rise in reflectance in SWIR range due to changes it causes in vegetation ) and due to changes in the burnt surface in the days following the burning, e.g. fast disappearance of ash (Trigg and Flasse 2000) .
Regardless of the direction of change, spectral separability between burnt and unburnt areas in different wavelengths of the reflectance spectrum has been noticed to vary considerably. Two studies conducted in Southern Africa with MODIS data found reflectance at 0.9µm, 1.2µm and 1.6µm to show the highest discrimination between burnt and unburnt areas (Roy et al. 2002 , Sá et al. 2003 . Li et al. (2004) , on the other hand, used reflectance at 2.1µm in combination with 1.2µm, when they developed a smoke resistant technique to detect burn scars in a single date MODIS image. In addition to the satellite based studies, the spectral characteristics of burnt areas in the MODIS band wavelengths have been studied in a spectroradiometer field study by Trigg and Flasse (2000) who found that the 0.9µm and 1.2µm bands would be the best and most persistent indicators in a dry savanna ecosystem. Thus, all of these studies suggest that spectral separability between burnt and unburnt areas is strongest in the NIR-SWIR range of the reflectance spectrum. This has also been brought up by authors working with ATSR data in African savanna (Eva and Lambin 1998b) and with SPOT VEGETATION data in Australia (Stroppiana et al. 2002) .
In addition to specific wavelengths, the usability of multi-band indices has been tested, with varying success. In dry tropical and subtropical areas, using NOAA AVHRR and SPOT VEGETATION sensors, at least GEMI (Table 4 ) and albedo have been found to be of some use (Pereira 1999 , Stroppiana et al. 2002 . However, NDVI was found to be very weak for burnt area detection in the Iberian Peninsula (Pereira 1999) . Likewise, NDWI ((0.8µm -1.6µm) / (0.8µm + 1.6µm)) performed poorly in the Australian savanna ecosystem when measured directly after fire. Its discriminating power, however, improved with time (Stroppiana 2002) . On the other hand, NDVI has been used successfully in burnt area detection in boreal and humid tropical regions, in conjunction with active fire or thermal data (Fraser et al. 2000, Fuller and Fulk 2001) .
2) As far as the second aspect is concerned, satellite data is often selected on the basis of a variety of practical issues (availability, price, characteristics of a sensor, earlier experiences etc.) and preprocessing for burnt area mapping culminates typically in the decision to use either single date or composite images and in the selection of compositing method. Single date images of the sensors suitable for large scale natural resource monitoring cover large areas and frequently have clouds, cloud shadows and other atmospheric disturbances (e.g. haze, cloud edge reflections etc.). Multitemporal compositing aims at reducing the amount of atmospheric disturbances by building one composite image using data from several single date images. Multitemporal composite images have been tested and used for burnt area mapping from regional to global level (e.g. Fernández et al. 1997 , Barbosa et al. 1998 , Fuller and Fulk 2001 , Stroppiana et al. 2002 , Sousa et al. 2003 , Zhang et al. 2003 .
In the optimal case, a composite image produced for burnt area mapping would include all burn scars that have appeared in the region during the compositing period, but would have a minimal amount of atmospheric effects and other artefacts. However, these two objectives often counteract each other. Mainly two features of newly burnt areas have been found useful in multi-temporal compositing: a) new burn scars have low NIR reflectance due to dark ash and absence of green vegetation and b) dark ash and sometimes exposed soil also cause the area to heat up in sunlight, causing higher thermal infrared emission than before the fire. These features enable the selection of burn scars into the final composite image, but selection of low NIR values may cause problems with cloud shadows.
This was first noticed by Barbosa et al. (1998) , who considered minimum value albedo to be the best compositing method for burnt area mapping purposes with AVHRR data in African savannas but identified cloud shadows as a problem. In order to avoid this problem, Stroppiana et al. (2002) developed a method for SPOT VEGETATION data in Northern Australia that selected the observation with the third lowest NIR value, assuming that same pixel would not have cloud cover more than twice during the compositing period. Sousa et al. (2003) , on the other hand, recommended a method that selected the candidate with the highest surface temperature among the three lowest NIR observations. Recently Chuvieco et al. (2005) compared compositing methods with both AVHRR and MODIS sensor data of the Iberian Peninsula and went even further by concluding that maximum surface temperature alone was the best compositing criterion for burnt area detection.
3) Finally, regardless of the methods a burnt area map is produced with, understanding of the burning regimes in the area covered is essential to be able to correctly interpret the map. In this context the relationship between the size of burn scars and the spatial resolution of the remote sensing data plays an important role. In general terms spatial resolution can be understood as the minimum size of a feature that can be detected by a remote sensing system. Spatial resolution is mainly determined by the size of a ground resolution cell which is the area in ground that is seen by the sensor at one particular moment but it is also affected by other factors such as contrast between features, illumination etc. (Harris 1987 , Lillesand et al. 1987 . The pixel size of a satellite image is typically close to the size of the ground resolution cell. This is because a significantly smaller pixel size would not make the image more detailed but would only increase the file size, whereas a significantly greater pixel size would lead to unnecessary loss of details. This has lead to almost synonymous use of the terms spatial resolution and pixel size in parts of the remote sensing literature.
In the context of this thesis, it is important to note the following two points: a) In this study the terms resolution and spatial resolution are used both to describe the properties of sensors referring to the approximate size of the ground resolution cell at nadir and as synonyms for pixel size in image data that is sampled to a pixel size similar to the smallest ground resolution cell size of the data used in the image. In case the image includes data with different ground resolution cell sizes at nadir, this is brought up clearly. b) The MODIS sensor is a scanner with a very wide swath, which leads to significant decrease in the effective spatial resolution (i.e. increase in ground resolution cell size) towards the edges of the scanning swath (Wolfe et al. 1998) . Nevertheless, the spatial resolutions of the MODIS products are referred to according to the size of the ground resolution cell at nadir.
The abovementioned two points mean that in some cases the spectral information recorded in one pixel in the images used in this study is detected from a larger ground resolution cell than the pixel size. This variation in the effective spatial resolution is taken into consideration throughout this thesis and further discussed in connection with materials, methods and results of this study.
In general it can be said that low spatial resolution (250m-1000m) restricts the capability to detect small burn scars and therefore questions the reliability of large scale burnt area mapping in areas where small burn scars strongly contribute to the total burnt area. The effects of burn scar patterns in coarse resolution burnt area mapping were first studied by Eva and Lambin (1998a) using NOAA AVHRR data in Africa. They confirmed that large proportion of sub-pixel size/fragmented burns scars lead to significant underestimation of total burnt area, but also noticed that the dominance of large burn scars caused slight overestimation. In addition, forest land cover type was noticed to have significantly smaller burn scars than woodlands and savannas, suggesting potential variation in the accuracy of coarse resolution burnt area mapping by land cover type. This has been later confirmed by Stroppiana et al. (2003) in Australia and by Silva et al. (2005) in an extensive study over the African continent. Both of these studies witnessed significant differences in burnt area mapping accuracy of 1km resolution SPOT VEGETATION data between land cover types. The biggest underestimations were found in forested areas (-80% and -73% respectively) .
Both Eva and Lambin (1998a) and Silva et al. (2005) suggested calibration of coarse resolution burnt area results by high resolution satellite data. This approach enables estimation of total burnt area but the exact locations of burn scars are not known and therefore further monitoring of the development of burn scars (e.g. regeneration) in the months/years following the fire is not possible. In any case, in order to reliably calibrate the amount of burnt area, it is important to thoroughly understand the variation of fire regimes in the region to be able to obtain a representative high resolution sample including all fire regimes.
In addition to the three aspects presented above, increasing amount of studies concentrate on sub-pixel level estimation of burnt area proportion and combustion completeness. However, this approach was restricted beyond the scope of this study. Throughout this study, burnt areas used as references and pixels detected as burnt were considered fully burnt. This was done mainly for two reasons. First of all, reliable and systematic burnt area field data needed for large scale sub-pixel level studies is extremely hard to get in Southeast Asia due to the remoteness of many of the worst burning areas and somewhat delicate nature of fire as a policy issue. Secondly, basic studies at the pixel level were felt to be most needed at his point and sub-pixel level approaches were left for future studies to explore.
Characteristics of insular Southeast Asia as a fire region
Climate and nature
In this study insular Southeast Asia refers to an area situated between 9° S and 8° N latitude and between 95° E and 125° E longitude, and is consisted of the Malaysian peninsula and four major islands: Sumatra, Borneo, Java and Sulawesi (also known as the Greater Sunda Islands). This area is shared by four nations (Brunei, Indonesia, Malaysia and Singapore) and is home to around 210 million people. It must be noted, however, that more than half of the population lives in the island of Java. In the two main study years (2005 and 2006) altogether nearly 160000 MODIS hotspots were detected by the MODIS Rapid Response System (Web Fire Mapper, http://maps.geog.umd.edu/, accessed Jan 2007) in the five major land masses listed above. Of these hotspots 89% were detected in the islands of Sumatra and Borneo (46% and 43% respectively). This highlights the severity of the fire situation in these two areas. Therefore, all the study areas in this study were selected in these two islands. In order to further illustrate the spatial distribution of fire activity in this region, hotspot density (number of hotspots in a 5km radius) was calculated using all the MODIS detected hotspots during 2005 and 2006 ( Figure 1 ).
Insular Southeast Asia has a relatively stable humid tropical climate. In general, the weather is hot and humid all year round, with a drier period of two-three months that in the majority of the areas occurs between June and October. The worst burning season closely follows the drier period. Of all the MODIS hotspots in the study region during [2005] [2006] , nearly 80% were detected between June and October. However, even during this period rainfall exceeds evaporation in large parts of the region. High humidity levels are also connected to persistent cloud cover, which is particularly harmful for optical remote sensing.
Insular Southeast Asia has originally been covered mostly by tropical evergreen dipterocarp forests and has the highest biodiversity of all tropical regions of the world (Whitmore 1984) . Perhaps the most unique feature of this region is the high amount of tropical peat soil. More than 60% of global tropical peatland (around 22Mha) can be found in insular Southeast Asia (Rieley and Page 2005) . The peat soils are mainly located in the Southern coastal regions of Borneo and along the Eastern coast of Sumatra. Peat swamp forests and other wetland ecosystems are considered highly valuable from the nature conservation point of view due to their unique flora and fauna. In addition, e.g. heath forests in poor soils and various mountain forest types in higher mountains can be found to a smaller extent.
However, nowadays the majority of the natural vegetation has been either converted to agroecosystems or degraded while deforestation and land cover change continues to take place at a high rate (Fuller et al. 2004 , Kauppi et al. 2006 ). This increases fire occurrence mainly for three reasons. 1) Fire is extensively used for land clearance and agricultural field preparation (by both small-holder farmers and plantation companies), which also frequently results in wild fires during dry spells (Bowen et al 2001, Figure 1 (facing page). Hotspot density in the study region in 2005 and 2006, calculated as the number of MODIS detected active fires in a 5km radius. White colour refers to no hotspots and blue refers to existence of hotspots, darkest blue areas having the highest hotspot density. Chokkalingam et al. 2006 , Simorangkin 2006 . 2) Degraded and logged over forests are more susceptible to fire than natural forests due to drier microclimate and increased amount of dry material (Cochrane 2001 , Siegert et al. 2001 . 3) Drained peatland becomes extremely susceptible to fire during drier periods (Rieley and Page 2005) .
Fires in insular Southeast Asia
Most of the tropical and subtropical fire regions have clearly seasonal climates with long and distinct dry seasons (Northern Australia, Southern Africa, Sahel, Mediterranean region etc.). Insular Southeast Asia, on the other hand, is a humid tropical region with a relatively stable climate around the year. Undisturbed humid tropical forests are considered to be very resistant to fire (Uhl et al. 1988, Uhl and Kaufmann 1990) and the rare fires mainly take place during extraordinary dry periods (Sanford et al. 1985 , Goldammer 2006 . However, human activities tend to disturb these ecosystems and make them more vulnerable to fire by opening the canopy and thus accelerating the drying and increasing the amount of dry fire prone material (Cochrane 2003 ). This does not only increase the risk of fire but also causes fires to become more severe and more destructive (Siegert et al. 2001) .
In Southeast Asia vegetation fires have been documented since the late 19 th century (mainly during El Niño phenomena, most notably 1982-1983 and 1997-1998) , but the use of fire in land clearing escalated in the 1990s (Goldammer 2006) . Since then, annual biomass burning has taken place to a varying extent. Continuing degradation and fragmentation of natural ecosystems by logging and conversion to agroecosystems, combined with extensive drainage of wetlands, have increased fire susceptibility dramatically (Cochrane 2001 , Siegert et al. 2001 , Rieley and Page 2005 ) and led to a cycle of recurrent fires further degrading the ecosystems (Cochrane and Schulze 1999, Goldammer 1999) .
The use of fire is strongly connected to land management (by both small-holder farmers and plantation companies) but even though ignition is usually deliberate, unattended fires also often result in wild fires during dry spells (Bowen et al 2001 , Chokkalingam et al. 2006 , Simorangkin 2006 . Intentional and unintentional burning has become an annual problem especially in drained peatlands and on some occasions has resulted in catastrophic fire episodes producing huge emissions of carbon dioxide (e.g. Page et al. 2002 , Heil et al. 2006 . This is likely to continue during the following years since peatland areas are currently under conversion to plantations in both Borneo and Sumatra. Fire is considered as the cheapest, and most of all the simplest, way to carry out land clearance and preparation in these areas due to its pest controlling effects and difficult working conditions for heavy machinery (Simorangkin 2006) .
The effects of fires and problems connected to yearly biomass burning in insular Southeast Asia can be divided into two categories: 1) forest degradation and deforestation (including the loss of products and services, timber, non-timber forest products, biodiversity, soil erosion, and flood control) and 2) smoke haze pollution (including carbon emissions and related impacts) (Tacconi et al. 2006) . The effects are exacerbated by the considerable numbers of fires taking place in peatland and other wetland areas. Fires in wetland areas not only disturb unique ecosystems but cause particularly bad haze and globally significant carbon emissions which increase carbon concentration in the atmosphere and thereby contribute to climate change. It has been estimated that over 60% of the carbon released into the atmosphere during the 1997-1998 fire episode (triggered by an extraordinarily strong El Niño phenomenon) came from burning peat (Heil et al. 2006) .
Special features from the burnt area detection point of view
Gregoire et al. (2003) pointed out that the most suitable methods to map burnt areas may differ from one ecosystem and main vegetation type to another. There are some ecologic, anthropogenic and climatic characteristics in insular Southeast Asia that together may affect regional level burnt area mapping. First of all the variety of ecosystems and land cover types in the region is wide, ranging from pristine evergreen broadleaf forests, more or less degraded forests, "man made" savannas and vast dried peatlands to large scale plantations and small-holder agriculture. Furthermore, fires on wetlands are a typical feature of biomass burning in this region. The heterogeneity of fire-induced spectral changes caused by variation in pre-fire vegetation has been brought up recently ) but has not been studied in insular Southeast Asia from the medium resolution burnt area detection point of view.
Secondly, anthropogenic reasons for using fire are numerous in Southeast Asia and result in a variety of different types of burn scars, each type possessing their own characteristics (Bowen et al 2001 , Qadri 2001 , Chokkalingam et al. 2006 , Simorangkin 2006 . Burning regimes vary from small-holder burning that causes small burn scars (typically smaller than 0.25 km 2 ), to large scale land clearance fires and wildfires which commonly burn areas in excess of tens of square kilometres (Nicolas 1998 , Bowen et al. 2001 ). This variability may affect the selection of the most suitable methods to monitor the occurrence and effects of fires in this region since the patterns and size distribution of burn scars have a direct effect on the reliability of medium/coarse resolution burnt area mapping.
Thirdly, cloud conditions in the humid tropical regions are difficult for natural resource monitoring using optical remote sensing. The cloud cover is potentially less disturbing for burnt area detection than for active fire detection (due to fire scars that persist for several weeks) but it certainly also complicates burnt area detection in the form of longer detection intervals and a wide variety of cloud related artefacts in the images. Authors developing global burnt area detection systems have pointed out the difficult cloud situation in Southeast Asia and how it has hampered burnt area estimation (Tansey et al. 2004 , Giglio et al. 2006 .
Regardless of the abovementioned characteristics and even though several studies have detected severe burning on a smaller scale within the region (Liew et al. 1998 , Siegert and Hoffmann 2000 , Page et al. 2002 , Miettinen and Liew 2005 , large scale medium resolution burnt area mapping in insular Southeast Asia is still weakly studied and global fire assessments suffer from a lack of burnt area data from this region (FAO 2006) . The large majority of the studies presented earlier in the burnt area mapping-section had been conducted with data from dry tropical or subtropical regions during the dry season. Due to combined effects of the characteristics listed above, burnt area mapping conditions in insular Southeast Asia may differ significantly from those of drier tropical regions. The amount of burnt area in this region is in danger of being significantly underestimated in global burnt area estimations if the mapping is performed with methods that do not take into consideration the special features of this humid tropical region.
Objective and structure of the study
The objective of this study was to deepen understanding of 1) fire-induced spectral changes, 2) multitemporal compositing for burnt area mapping and 3) limits of medium resolution burnt area mapping in insular Southeast Asia. These three aspects that directly affect the implementation of medium resolution burnt area mapping were analysed keeping in mind the special characteristics of climate, land cover/ecosystems and fire regimes in this region.
Rationally the study was divided into three phases. In the first phase (I, II) fire-induced spectral changes and their variation by land cover types were analysed in order to find out the best indicators for burning to be used in burnt area detection algorithms. The second phase (III) aimed at developing the most suitable multitemporal compositing method for burnt area mapping in this region in order to provide optimal material for large scale burnt area mapping. The third phase (IV, V) concentrated in the variation of burn scar patterns and size distribution by land cover and soil type and its effect in regional medium resolution burnt area mapping. The goal of the third phase was to evaluate the usability and limits of medium resolution optical burnt area mapping and enable correct interpretation of the results. In addition, possibilities to overcome problems connected to small burn scars using super-resolution images were assessed during this final stage of the study.
Together all these sections were expected to 1) improve our capabilities to produce regional burnt area maps with medium resolution satellite data in insular Southeast Asia in order to be able to better serve the increasing need of high quality burnt area maps as input to further studies estimating regional and global effects of vegetation fires in this region and 2) help scientists working with the data to correctly interpret the results and, if necessary, complement burnt area maps produced using medium resolution satellite data with alternative materials and methods in some parts or all over the region.
MATERIALS AND METHODS
Satellite data
Medium and coarse resolution data
All medium and coarse resolution (250-1000m) data used in this study were acquired by the MODIS sensor. It was decided to use MODIS data since it offers higher spatial and spectral resolution compared to other satellite sensors commonly used in large scale burnt area detection (e.g. NOAA AVHRR and SPOT VEGETATION), and since it is readily available free of charge. Especially the higher spatial resolution was considered to be valuable since small burn scars were expected to play an important role in this region. The MODIS sensor can be found aboard the Terra and Aqua satellites. The orbit of Terra around the Earth is timed so that it passes from north to south across the equator in the morning (around 10:30), while Aqua passes south to north over the equator in the afternoon (around 13:30). Corresponding night passes occur around 22:30 and 1.30 in the night. The sensor has 36 spectral bands, with varying spatial resolution between 250m and 1000m. It is designed to gather data to improve understanding of global dynamics and processes occurring on the land, in the oceans and in the lower atmosphere.
The MODIS sensor has seven bands within the reflective range (Table 1) . The daily surface reflectance product is a result of a sophisticated atmospheric correction procedure (Vermote et al. 2002) , which takes into account the effects of gaseous and aerosol scattering and absorption. This product was used as the medium resolution data throughout this study. MODIS L2G daily surface reflectance products (MOD09GHK/MYD09GHK for the 500m bands and MOD09GQK/MYD09GQK for the 250m bands), were downloaded from the Earth Observing System (EOS) Data Gateway (http://edcimswww.cr.usgs.gov/pub/imswelcome/, accessed Jan 2007). The first two bands were extracted from the 250m product and bands 3-7 were taken from the 500m product. In addition, in part III of this study, the 1000m resolution Terra geolocation angles product (MODMGGAD) was used to obtain information on the sensor zenith angles for each observation and band 31 from the 1000m calibrated radiances product (MOD021KM) to obtain information on land surface temperature. In order to facilitate data processing and assure consistency in the analysis, while still retaining the full spatial potential of the 250m resolution bands, all bands were resampled to 250m pixel size using the nearest neighbour method and reprojected to the UTM coordinate system with the MODIS MRT Reprojection Tool (http://edcdaac.usgs.gov/ landdaac/tools/modis/index.asp, accessed Jan 2007).
In part V of this study an attempt was made to further improve the effective spatial resolution of the MODIS images with optical flow super-resolution technique using data from seven single date images. Both bilinear and block averaging observation model was tested with and without regularization. The spatial resolution was improved two and four times compared to the original MODIS source images. These three aspects (regularization, observation model and spatial resolution), each having two options, resulted in eight different combinations, i.e. eight different variants of super-resolution MODIS images. In the first two parts of this study (I and II) clouds and haze were removed from the MODIS images by accepting only pixels which had blue band (band 3) reflectance between 0 and 0.08 (reflectance scale 0-1). The blue band has the shortest wavelength among all the MODIS reflective bands and is therefore the most sensitive to clouds and haze. Later (III, IV and V) the cloud removal method was improved by developing a method that was based on bands 1, 3 and 7 (Table 1) . A pixel was considered valid only if 1) the reflectance at band 3 was 0-0.08 and 2) the reflectance at band 1 was between 0.25·r b7 and 0.75·r b7 (where r b7 is the reflectance at band 7). The first rule eliminated thick clouds and haze, while the second rule effectively removed lighter haze, cloud shadows and varying artefacts caused by cloud edge reflection. The theory behind the second rule (i.e. strong correlation between bands 1 and 7 in clear atmospheric conditions) was presented by Kaufmann et al. (1997) .
In addition to the abovementioned medium and coarse resolution data, the MODIS detected active fires i.e. hot spots were used to 1) locate burnt areas using groups of hotspots and confirm the appearance of burn scars during high resolution reference burnt area classification (I, II, III and IV) and 2) locate study sites in the most fire affected areas (IV). Due to the fact that the MODIS sensor can be found onboard two satellites (Terra and Aqua) it passes over insular Southeast Asia four times a day. This enabled good coverage of the fire activity, bearing in mind of course the limitations of hotspot detection presented in the introduction.
The hotspots were produced by the MODIS Rapid Response System (Web Fire Mapper, http://maps.geog.umd.edu/, accessed Jan 2007) using the version 4 contextual fire detection algorithm for MODIS (Giglio et al. 2003) . The algorithm uses a combination of an absolute threshold test (threshold 360K for day, 320K for night at 4µm bands 21 and 22, 1000m resolution) and a series of contextual tests which look for the characteristic signature of an active fire using both the 4µm bands (21 and 22) and the 11µm band (31). In addition it incorporates cloud and water masking and several false alarm rejection tests (including e.g. sun glint rejection). A validation study of this algorithm in the Southeast Asian conditions with 17 high resolution (20m) SPOT images (Liew et al. 2003) found a commission error of 26.8% (false alarms) and omission error of 34.2% (undetected fires). False alarms were mainly attributed to hot surfaces after fire, while fires were left undetected especially in dense vegetation.
High resolution reference data
Altogether 21 high resolution satellite images were used in this study as burnt area reference data: one SPOT 2 HRV, three Landsat 7 ETM+, four SPOT 5 HRG and thirteen SPOT 4 HRVIR images (Table 1 ). In parts I and III, due to the lack of sufficient high resolution data, burnt reference areas were visually delineated directly on the 250m MODIS images using groups of detected active fires as confirmation of burning. High resolution images (one SPOT 2 HRV, one SPOT 4 HRVIR and two Landsat 7 ETM+) were used to visually check a sample of the reference areas after the delineation. No corrections were made to the reference areas on the basis of this visual evaluation since only a sample of the areas could be checked and some of the images were acquired so much later than the corresponding MODIS image that any systematic comparison of the two would have been problematic (due to expanded burn scars etc.). The visual check was merely performed to give an idea of the consistency of the reference areas and to help in the interpretation of the results. In parts II, IV and V of this study, a burnt area classification of the high resolution images (three Landsat 7 ETM+, four SPOT 5 HRG and twelve SPOT 4 HRVIR) was used as reference data. The locations of the images used in part IV are presented in Figure 2 . The reference burnt area mapping was started by classifying the high resolution images into three classes: cloud/water, unburnt and burnt. One hundred clusters created with an unsupervised ISODATA clustering were assigned to one of the abovementioned classes by visual inspection. The resulting classification was then visually checked and misclassified areas were corrected. MODIS hotspots for the preceding two months were overlaid on the images during the visual checking to confirm the appearance of burnt areas. The classification was performed by a researcher closely familiar with land cover and fire regimes in both Sumatra and Borneo based on land cover/burnt area mapping experience and field visits.
Land cover and soil maps
Two different land cover maps were used in this study. In parts I and II, a 250m spatial resolution Borneo 2005 land cover map was used (Langner et al. in press ). This map had been produced using unsupervised ISODATA classification on an average composite image 
Agriculture
Mainly agricultural area, probably includes also significant amount of grassland. MODIS reflectance primarily a mixture from green and senescent vegetation and soil.
New plantations
Large newly cleared areas. MODIS reflectance primarily from senescent vegetation and soil, with remaining patches of green vegetation.
of 60 MODIS images between January and June 2005. The map had altogether 11 land cover classes and the accuracy had been estimated using visual interpretation of 650 points in Landsat 7 ETM+ images. The results had shown an overall accuracy of 84.8% with a kappa coefficient of 0.83. In part I the land cover types were grouped into five major types that were considered to describe the variation of fire-induced changes caused by the pre-fire vegetation characteristics in this region (Table 2) . Please note that the reflectance in agricultural areas (land cover type four) is seasonally highly variable. In order to get coverage for both Sumatra and Borneo in part IV of this study, Global Land Cover GLC2000 Southeast Asia (SEA) map was selected (Stibig et al. 2003a ). This map was part of the GLC2000 project where regional maps were produced with the help of local experts using regional methods (Bartholome and Belward 2005) . The SEA 1km resolution land cover map was produced with SPOT 4 VEGETATION data (acquired between 1998-2000) using unsupervised clustering and was validated to have over 80% accuracy on forest/non-forest level (Stibig et al. 2003b) . In this part of the study, six land cover types were created by combining some of the ten land cover types of the GLC2000 SEA map found in the study sites (Table 3) .
The soil information used in part IV was derived from two different soil maps. For Borneo an Indonesia Soil map by the National Coordination Agency for Survey and Mapping from the year 1975 (scale 1:7 300 000) was used (Selvaradjou et al. 2005) . For Sumatra the best available soil maps were considered to be the 1:5 000 000 scale maps published by Laumonier (1997) . They were based on a 1979 revised version (published by Bogor Soil Research Institute) of the classification by Dudal and Soepraptohardjo (1957) . All of these maps were downloaded in digital format from the European Digital Archive of the Soil Maps of Asia (http://eusoils.jrc.it/esdb_archive/ EuDASM/asia/index.htm, accessed Jan 2007). All soil types in Borneo and Sumatra were reassigned into three types (1. Peat soils, 2. Alluvial soils and 3. Other). Fires on wetland areas (the first two soil types) are a typical feature of biomass burning in insular Southeast Asia and of special interest to this study. Peat soil consists of organic material. Most of the peat areas in this region are ombrogenous (rain being their only source of water and nutrients) and highly acidic, which is one reason for their unique flora and fauna. Alluvial soils on the other hand can be mainly found along rivers and their flood zones and in tidal zones along the coastline.
Data analysis
Analysis on fire-induced spectral changes (I)
Steps taken during data processing and analysis in part I are illustrated in Figure 3 and the key points are further explained in the following paragraphs. In order to obtain cloud-free pre-fire coverage of the entire study area of part I (Borneo island), an average composite image was built using 32 pre-fire MODIS images. This way the pre-fire satellite data did not impose any restrictions on the locations of the reference areas in the form of clouds or masked out areas.
For each land cover type (Table 2) , burnt and unburnt reference areas were delineated, each containing 1000 pixels. The "burnt" reference areas were still unburnt in the pre-fire images but had been burnt in the post fire images, whereas the "unburnt" reference areas did not show evidence of any type of disturbance between the pre-fire and post-fire satellite data. Pixel values (reflectance values for seven bands) for these reference areas were retrieved from the pre-fire composite and from a post-fire image to form the pre-fire and post-fire datasets. In addition to the reflectance values, several indices (Table 4) were calculated from the post-fire dataset to be analysed along with the single bands. The first three of the indices were sensitive to vegetation vigour: NDVI, EVI (Huete et al. 2002) and GEMI (Pinty and Verstraete 1992) . Earlier use of these types of indices for burnt area detection with coarse/medium resolution sensors was discussed in the introduction. The Normalized Burn Ratio (NBR) (Key and Benson 1999) , on the other hand, had been used to study burn severity (Miller and Yool 2002) . It is sensitive to the destruction of green vegetation (detected by decrease in NIR reflectance) and increase in dryness (detected by increase in SWIR reflectance). It had also been used in burnt area detection named as Normalized Difference Water Index (NDWI) at least by Sá et al. (2003) . In addition, two indices were created on the basis of the results in part I (namely NIR-SWIR average reflectance and Index1). The pixel values retrieved from the pre-fire composite image (i.e. the pre-fire dataset) were only used to evaluate the spectral similarity of burnt and unburnt reference areas before the fire by comparing their spectral characteristics (mean and standard deviation of each band). After the burnt and unburnt reference areas had been shown to be similar before the fire, the differences in the burnt and unburnt areas after the fire (i.e. in the postfire dataset) could be interpreted as fire-induced changes. This means that the datasets collected from the two different types of satellite data (pre-fire composite and post-fire single date images) were never directly compared to each others. Had this been done, the detected changes in reflectance might have also included seasonal (possibly related to land cover) variation, inter image variation and variation due to different kind of data processing. This would have complicated the interpretation of the results since the aim of part I was specifically to find out any differences in fire-induced changes between land cover types caused by pre-fire vegetation characteristics.
The statistical analysis on fire-induced changes (i.e. in part I of this study, the difference between burnt and unburnt reference areas in the post fire dataset) was done separately for each land cover type. A measure of difference (D) (Kaufman and Remer 1994) respectively. This measure normalises the difference in the means with the sum of the standard deviations. Kaufman and Remer (1994) interpreted D > 1.0 to indicate good separability and D < 1.0 poor separability. In this study, however, more important than the value in one band (or index), was the ranking of the bands (and indices) according to their separability between burnt and unburnt areas. The sign of the D-value indicated whether burning had caused a drop (negative) or rise (positive) in the reflectance in the respective wavelength or index value.
s Evaluation of multitemporal compositing methods (III)
Altogether, 102 daily images were selected to be used (52 from the Central Kalimantan study area and 50 from Riau) in part III of this study (Figure 4) . A first set of monthly MODIS composites were created (July, August and September 2005 for both of the study areas) using six different compositing methods. In all the methods the resulting composite image consisted of a stack of seven reflective bands and a sensor zenith angle value. The six compositing algorithms are listed below by the criterion to select a stack of data from a particular single date image among the valid candidates. Abbreviations for each method and the original spatial resolution at the nadir of the band(s) used in the selection criteria are given in parenthesis. For this first set of composites (i.e. the basic composites), all valid (i.e. the ones that had passed the cloud detection test) observations from the MODIS passes were used. In addition to the basic composites, a second set was created by applying the six compositing methods on pixels with a sensor zenith angle less than 40 degrees (i.e. restricted angle composites). The spatial resolution of MODIS data decreases from the nadir to the edges of the scanning swath. For the 1 km resolution bands the ground resolution cell size at the edge of the swath is 4.83 km along scan and 2.01 km along track and the decrease is especially rapid in sensor zenith angles greater than 40 degrees (Wolfe et al. 1998) . As small-holder burning, which produces small burn scars, is an important feature of the fire regimes in Southeast Asia (Nicolas 1998 , Bowen et al. 2001 , effective spatial resolution of the composite images was considered to be important, and for this reason, the restricted angle composites were tested. For the same reason only 250m and 500m bands were considered when evaluating the separability between burnt and unburnt areas.
Three criteria were used to evaluate the usability of different compositing methods: 1) Homogeneity. In addition to visual inspection, a simple heterogeneity statistic was used to quantify the differences between compositing methods. The coefficient of variation (i.e. standard deviation divided by mean) within a 5x5 kernel was multiplied by 100, thus producing the standard deviation as a percentage of the mean. Band 2 was used to calculate the statistic since it had a 250m spatial resolution and it was considered to be the single most important band in burnt area detection. Average values of this statistic over each composite were compared to quantify the differences between compositing methods. The statistic included both natural (i.e. variation due to land cover) and artificial heterogeneity, but since the natural heterogeneity did not vary between compositing methods, all the differences in the statistic were due to the compositing methods.
2) Separability between burnt and unburnt areas. Burnt and unburnt reference datasets were separately collected for both green vegetation dominated areas and senescent vegetation/soil dominated areas. This was done in order to evaluate if different compositing methods performed well in these areas that were noticed to have different types of spectral changes due to fire in this region (I). Altogether, 10 400 pixels were used as reference sample. The Bhattacharyya distance (Fukunaga 1990 ) was used to evaluate separability between burnt and unburnt areas in different composites, using all seven reflective bands. According to Lee and Choi (2000) Bhattacharyya distances higher than 1.46 to correspond less than 5% classification errors in maximum likelihood classification.
3) Sensor zenith angles and effective spatial resolution. Each compositing method was evaluated by the average sensor zenith angle of the observations selected for the resulting composites. In theory, the smaller the mean was, the smaller was the effective spatial resolution. However, the original spatial resolution (250m-1000m) of the band(s) used in the compositing criteria was also taken into consideration when evaluating the final effective spatial resolution.
Investigation of burn scar patterns and size distribution (IV)
A polygon based approach was used to investigate the nature of burn scars in this region. Number of burn scars, total area and edge density (a measure of fragmentation previously used to analyse burn scars in Africa by Silva et al. 2005) were calculated from the reference burnt area maps. Edge density (perimeter/area) produces higher values for complex shapes and lower values for compact shapes. In addition, the distribution of burnt area into large (>25ha) and small (<25ha) burn scars was calculated. The 25ha limit was chosen partly because it has been suggested that small-holder burning rarely creates larger scars than this (Nicolas 1998 , Bowen et al. 2001 ) and partly because 25ha corresponds to a 500m x 500m pixel size and was therefore considered to be informative for medium resolution burnt area mapping.
However, the polygon based approach had some shortcomings. First of all, during the land cover and soil analysis, the location of a burn scar polygon had to be decided by the location of its centre. This might have given meaningless results, especially in the case of very large burns scars which spread across several land cover types. Secondly, and more importantly, as far as the medium resolution burnt area mapping was concerned, the fact that a burn scar was larger than 25ha did not necessarily mean that it would have filled one 500m resolution pixel. Narrow and/or fragmented burn scars that covered 25ha may have filled only small fractions of the 500m pixels they intersect.
For these reasons also a raster based simulation of medium resolution burnt area mapping was carried out in order to confirm polygon based findings on the usability and restrictions of regional level medium resolution burnt area mapping. The simulation was performed by overlaying a 500m x 500m grid over the reference burnt area maps. The proportion of burnt area in each grid cell was calculated and cells with more than 50% burnt were considered to be detected (as fully burnt), thus creating a simulated medium resolution burnt area map. According to Eva and Lambin (1998a) the 50% limit is a conservative estimate for burnt area mapping. They suggested that due to high contrast between newly burnt and unburnt areas, even pixels that were 40% or less is burnt could be detected as burnt.
Assessment of the usability of super-resolution MODIS images (V)
The super-resolution technique was considered to potentially improve detection of small burn scars. In order to evaluate the usability of super-resolution images for burnt area mapping in this region, spectral separability between burnt and unburnt areas was calculated. All reference burnt areas were grouped into five classes according to their size. The maximum sizes of burn scars in each class were: 1. 1.5625ha (corresponding an area covered by a 125m resolution pixel), 2. 6.25ha (250m), 3. 25ha (500m), 4. 100ha (1000m) and 5. >100ha (>1000m). Burnt area in the five classes varied between 3700ha and 18 000ha, totalling around 41 000ha. The spectral separability between burn scars in different classes and unburnt reference areas were calculated in an average MODIS composite image and in the eight variants of super-resolution images using the Bhattacharyya distance (Fukunaga 1990 ). The average composite image created using the same data as the super-resolution images represented standard MODIS image in the analysis since none of the seven source images alone gave sufficient cloud free coverage over the study area.
MAIN RESULTS AND DISCUSSION
Fire-induced spectral changes (I, II, IV)
The fire-induced changes were first studied in part I and the findings were subsequently tested in burnt area detection algorithms in parts II and IV. The results in part I showed that the reflectance in both bands 2 and 5 was relatively high in all of the land cover types, and dropped clearly as a result of burning ( Figure 5 ). The direction of changes in bands 1, 6 and 7, on the other hand, varied between land cover types. This was explained by the variation in the amount of green vegetation before the fire. The destruction of green vegetation (which absorbs red light due to chlorophyll and SWIR radiation due to water content and further reduces SWIR radiation detected by satellite sensors due to shadows cast by the Figure 5 . Fire-induced changes in different land cover types. Error bars represent standard deviation. Each set of data (e.g. burnt mosaic) contained 1000 pixels. B1 refers to band 1, B2 refers to band 2 etc. (I) vegetation) leads to an increase in reflectance in bands 1, 6 and 7, as seen in the land cover types of forest, regrowth and mosaic, which are dominated by green vegetation (Figure 5 ). In the remaining two land cover types, dominated by senescent vegetation, the reflectance in bands 1 and 6 were already relatively high prior to fire and burning made it drop (due to dark ash). Band 7 was noticed to behave slightly differently in agricultural areas and new plantations, possibly due to variation in the amount of exposed soil between the two land cover types. In any case, the changes were very small in band 7 in the last two land cover types.
A comparison of the discriminating power of five reflective bands of the MODIS sensor and several indices (part of which commonly used and part developed based on findings of this study) in different land cover types showed a clear division into two groups (Table 5) . Land cover types where green vegetation covered the majority of the area were dominated by the products of indices sensitive to vegetation vigour and dryness. They multiply the effects of the simultaneous drop in vegetation health and rise in dryness caused by fire, which resulted in the highest values of difference (D). Therefore, this type of combination was considered to be the best way to distinguish between burnt and unburnt areas in these land cover types. It is also worth noting that the indices produced much better results than the individual bands in the first three land cover types. This was not true for the agriculture and new plantation areas, where band 5 alone was as good as, or better, indicator than any index.
It was concluded that the effects of fire changed dramatically while moving from green vegetation dominated areas to senescent vegetation dominated land cover types and this affected the best indicators for burning. The destruction of green vegetation could be detected as a drop in NIR (due to decreased reflection from plant cell walls) and simultaneous rise in red (due to reduced absorption by chlorophyll) and band 7 (due to reduced absorption by water), whereas burning of senescent vegetation merely caused a drop in reflectance values (due to dark ashes). These findings agreed well with the results of Silva et al. (2004) , who consequently included pre-fire NDVI in their global burnt area detection algorithm in order to handle the spectral variability of fire-induced changes related to the type of vegetation. Interesting connections to regional burnt area detection algorithms could also be found: in the boreal areas band 1 and band 2 (NDVI) have been used in burnt area detection (e.g. Fraser et al. 2000) because they detect the destruction of green vegetation, whereas in the dry tropical areas bands 2, 5 and 6 have been noticed to be the best individual bands (Roy et al. 2002 , Sá et al. 2003 , exactly like in the last two land cover types in this study. However, in insular Southeast Asia both of these extremes existed, often side by side, causing high variation of fire-induced spectral changes even in small geographical regions. Since indices or index combinations using bands 1, 2 and 7 were found to be the most prominent indicators of burning for green vegetation dominated areas and band 5 alone for areas dominated by senescent vegetation, empirically designed burnt area detection algorithms using these bands were tested. In the first test (II) all the areas were divided into green vegetation dominated and senescent vegetation dominated prior to the detection of burnt areas. However, the approach was subsequently refined to handle all the areas with one algorithm (IV). It has to be remembered that band 5 also showed relatively good separability in green vegetation dominated areas (Table 5) . It was merely not as powerful in these areas as indices using bands 1, 2 and 7. These indices, on the other hand, did not detect burning in senescent vegetation dominated areas. Thus, using both of these indicators in all of the areas was considered to be merely beneficial. Therefore, in the second test (IV) a pixel was considered as a burnt area candidate if the product of NDVI and NBR dropped more than 0.3 or if band 5 reflectance dropped more than 20% from the pre-fire image to the post-fire image. In addition, the pixel value had to fulfil auxiliary criteria in order to be considered burnt. Two examples are given here: A) band 7 reflectance had to be more than 0.09 in the post-fire image and B) band 1 reflectance was not to be more than 0.01 lower than band 4 reflectance in the post-fire image. The two main criteria were designed to detect changes caused by fire in both green vegetation dominated and soil/senescent vegetation dominated areas, whereas the auxiliary conditions were meant to eliminate false alarms.
The two main criteria were found to detect large burnt areas in clear atmospheric conditions well (II and IV), as was expected on the basis of the results in part I. However, some omission and commission errors were noticed due to other changes in reflectance, not related to burning. Certain types of cloud shadows e.g. were falsely detected as burnt and needed to be excluded by adding the auxiliary condition on high reflectance at band 7. But this rule also cut out some of the darkest burnt areas where band 7 reflectance was very low due to dark ashes, regardless of the dryness of the area. On the other hand, commission errors were noticed especially in areas dominated by small-holder mosaic and large scale agriculture, where land clearance without burning was in some cases detected as burning. In any case, these problems were considered to be solvable with more sophisticated detection algorithms. The goal of this study was to find out the best indicators for detecting burnt areas and the practical tests were primarily conducted to verify the findings on the fireinduced changes in reflectance. The details on how to implement these findings into practice (i.e. detection algorithm) may vary considerably depending on the satellite data, resources and objectives of the projects they are used in. 
Multitemporal compositing for burnt area mapping (III)
Part III of this study highlighted the persistence of cloud cover in humid tropical regions. The number of available observations was generally very low (Table 6) in the monthly composites, regardless of the fact that the study was conducted around the driest time of year in the study areas. If the sensor zenith angle was restricted to a maximum of 40 degrees, the usability of the composites was seriously called into question due to a lack of cloud free observations. Cloud persistence at this level has serious effects on the usability and reliability of coarse/medium resolution large scale burnt area detection in this region, as was later noticed also in part IV.
Comparison of the heterogeneity of the composites revealed that the MaxB31 method clearly produced the most homogeneous composite. This characteristic of maximum temperature composites had been noticed also in other regions (Sousa et al. 2003 , Chuvieco et al. 2005 . The MinB2 and MinB5 composites were found to be slightly affected by cloud shadows but otherwise to be close to the quality of the MaxB31 in homogeneity. As far as separability between burnt and unburnt areas was concerned (Table 7) , the MaxB31 composite revealed some unexpected weaknesses. In green vegetation dominated areas it was clearly hampered by the lower (1km) resolution of the thermal band on which the compositing was based on. In senescent areas, on the other hand, the method seemed to prefer pre-fire observations. The reason for this did not become entirely clear, but it might have been connected to the fact that most of the senescent reference areas were on drained peatlands. Due to low thermal conductivity of dry peat, the surface can reach high temperatures (Rieley and Page 2005, p.46) . Thus, on peatlands the difference between preand post-fire ground surface temperature on areas covered by senescent vegetation may be more dependent on other factors (e.g. weather) than burning.
All of the minimum reflectance composites were found to produce good separability values between burnt and unburnt areas. Band 2 reflectance is especially sensitive to destruction of green vegetation, which explains why both the MinB2 and MinNBR methods performed slightly better than the MinB5 method on green vegetation dominated areas. MinB5, on the other hand, ranked number one on senescent areas and showed the most equal results over both land cover types. MinB5 composites were the only ones where the separability between burnt and unburnt areas was not clearly higher in green vegetation dominated areas. The underlying reason for this is that the spectral signatures of green vegetation and burnt areas differ more than those of senescent vegetation and burnt areas, as can be seen in Figure 5 . This means that the equal separability in both of the land cover types in MinB5 method can be regarded as a sign that it is disproportionately powerful on senescent areas but also works reasonably well for green vegetation. This agrees well with the results of part I of this study. Bearing in mind the problems encountered with the maximum temperature method, the MinB2 and MinB5 methods were considered to show the most potential for burnt area detection purposes in this region. However, it is important to note that these methods must be combined with effective cloud shadow removal. The cloud masking used in this study effectively reduced the occurrence of cloud shadows which has been identified as a problem in minimum composites by several authors (Barbosa et al. 1998 , Stroppiana et al. 2002 , Sousa et al. 2003 , Chuvieco et al. 2005 . Although the two minimum composites performed very similarly, it must be remembered that band 2 has 250m resolution whereas band 5 has 500m resolution. Thus, taking into account the large amount of small burn scars in this region, the MinB2 method with effective pre-compositing cloud shadow masking was judged as the most suitable method to produce composites for burnt area detection purposes in insular Southeast Asia with MODIS data. But due to the small number of valid observations, it was recommended that a compositing period shorter than one month should not be used. In addition, in order to ensure a large enough number of observations, especially if the sensor zenith angle is to be restricted, data from both Terra and Aqua satellites may have to be used.
Variability of fire regimes and its effect on burnt area mapping (II, IV)
The results in part II of this study highlighted the difficulties of large scale burnt area estimation in insular Southeast Asia caused by the variability of fire regimes. Evaluation and comparison of the burn scar mapping and active fire detection based approaches for burnt area assessment revealed that different fire regimes have a strong effect on regional level burnt area assessment performed with medium resolution MODIS data (II). The spatial resolution was found to be inadequate for burnt area mapping especially in areas dominated by small burn scars, typical in some fire regimes in Southeast Asia (Nicolas 1998 , Bowen et al. 2001 . These small burn scars, which seemed to constitute the majority of burnt area in West Kalimantan (II), could not be reliably detected by medium resolution burnt area mapping methods. It became obvious during part II of this study that an extensive investigation of the size distribution and spatial patterns of burn scars in insular Southeast Asia was needed to estimate the usability and understand the limits of medium resolution burnt area mapping in this region.
Part IV of the study was designed to answer the questions raised in part II. The reference burnt area statistics (Table 8) highlighted the high numbers of burn scars and overwhelming proportion of small burn scars, the majority of which were caused by land clearance and preparation activities by small-holder farmers. This confirmed earlier observations (Nicolas 1998 , Bowen et al. 2001 ) of small burn scars (<25ha) being an important feature of certain burning regimes in insular Southeast Asia. However, it was interesting to note that high numbers of small burn scars were found in all of the study sites, ranging from small-holder dominated areas to sparsely populated heavily degraded wetlands.
From medium resolution burnt area mapping point of view, the most interesting information in the reference burnt area statistics (Table 8 ) was the percentage of burnt area found in big burn scars. This varied remarkably between study sites, ranging from 3% to 97% suggesting tremendous differences in the usability of medium resolution burnt area mapping within this region. Further division of the statistics into land cover types showed that the proportion of burnt area in large burn scars ranged from 65% to 92% when all study sites were combined. However, more detailed examination of the values revealed a high variation between study sites within one land cover type and, in some cases, low variation between land cover types within one study site (e.g. CK1). This suggested that the correlation between land cover type and burn scar size is not strong in this region, but all land cover types seemed to include both small and large scars in varying proportions, depending on the location of the study site. This is in contradiction with studies made in Africa and Australia, which have suggested clear connections between land cover types and the performance of coarse resolution burnt area mapping (e.g. grassland vs. forest) (Eva and Lambin 1998a , Stroppiana et al. 2003 and Silva et al. 2005 . They have explained the differences mainly by smaller burn scar size in forest ecosystems. This has also been mentioned by Bucini and Lambin (2002) . The weak correlation between burn scars size and land cove type in insular Southeast Asia was explained by the fact that burning does not happen in natural ecosystems in this region. Humid tropical forests are very resistant to fires in natural conditions (Uhl et al. 1988, Uhl and Kaufmann 1990) and if burning is performed, it usually results in small scars in humid environment (Korontzi et al. 2003) . However, practically all biomass burning in insular Southeast Asia is caused by human activities and it happens mainly in managed or degraded ecosystems (Bowen et al. 2001, II) . It was concluded that in insular Southeast Asia continuing land cover change with fast expansion of managed agroecosystems together with the use of fire as a tool and the fire vulnerability of degraded natural ecosystems create a complicated collection of fire regimes, strongly dependent on the degradation level, stage of development and land management issues in a given region, but less dependent on land cover type. Instead, burn scar size was found to be more strongly correlated with soil type. On peat soil, 89% of burnt area was found in large burn scars, whereas outside wetland areas only 35% of the overall burnt area was in large burn scars. Figure 6 further illustrates the striking difference in size distribution of burn scars between wetlands and other areas. A simulation of medium resolution burnt area detection confirmed these findings resulting in 86% detectable burnt area in wetlands (peat and alluvial soils), as opposed to only 33% on other areas.
The fact that fires on peat and alluvial soils were found to produce significantly larger burn scars than fires in non-wetland areas was explained by two reasons: 1) peatland areas are currently under heavy land cover change. They are converted into plantations (typically oil palm or pulp wood) and land clearance is commonly done by burning (Simorangkir 2006) . 2) Vegetation and surface layers of degraded drained peatland areas become extremely vulnerable to fire during drier periods (Rieley and Page 2005). When fire evolves into an underground peat fire, it is very difficult to extinguish and typically results in large burn scars over a long period of time. In some cases, peatland fires have burnt continuously for months (Bowen et al. 2001) . Figure 7 illustrates the difference in typical burn scar patterns in wetland and non-wetland areas and its effect on medium resolution burnt area mapping. 
Usability of the super-resolution images (V)
In order to find solution to the problem of small burn scars, usability of super-resolution MODIS images was tested. The spectral separability between burnt and unburnt areas in the average composite and super-resolution images are presented in Table 9 . As far as the super-resolution images are concerned, two results are clearly visible: regularization improves separability considerably while increasing the effective spatial resolution from 125m to 67.5m does not have any positive effect. Disturbance created by the edges of masked out areas in the source images was considered to be responsible for the lower separability in images with no regularization. The lack of improvement in spectral separability when effective spatial resolution was changed from 125m to 67.5m, on the other hand, was explained by insufficient number of source images. Super-resolution method was not able to produce four times higher effective spatial resolution with a small sample (on average 4.5 cloud free observations).
The spectral separability increased towards bigger burn scars due to less spectral mixture of burnt and unburnt areas (Table 9 ). However, it was noted that the separability was lower in the super-resolution images than in the average composite image in all of the size classes. This was unexpected since in theory super-resolution technique should have improved the separability in small burn scars. The poor performance of the super-resolution images was explained by atmospheric effects (clouds, smoke, haze etc.) that not only reduce the number of available observations dramatically in this region, but also decrease the quality of the super-resolution images due to atmospheric artefacts and disturbance created by the edges of masked out areas. It was concluded that super-resolution technique is not applicable for regional level burnt area mapping in the conditions of insular Southeast Asia with the materials and methods used in this study. 
CONCLUSIONS
This study has investigated three major aspects affecting the implementation and limits of medium resolution burnt area mapping in insular Southeast Asia keeping in mind the special characteristics of land cover, climate and fire regimes in this region. The results revealed that fire-induced changes in reflectance from medium resolution point of view, and thereby the best indicators between burnt and unburnt areas among wavelengths and multi-band indices, vary significantly according to pre-fire vegetation greenness. Considering the heterogeneous land cover structure in this region, this variation should be taken into account in change detection based burnt area mapping with reflective medium resolution data in order to maximally utilise the potential of these data.
Minimum NIR (band 2, 0.86µm) composites produced with cloud shadow masking were considered the most suitable material for burnt area mapping in insular Southeast Asia with MODIS data. However, cloud cover was noticed to severely disturb large scale burnt area mapping on several occasions. In order to minimize the effects of cloud cover, no shorter than monthly compositing period was recommended and whenever possible, the use of images from both Terra and Aqua satellite could be considered if MODIS data is used.
In any case, great caution is needed when interpreting regional burnt area maps in this region. A strong variation in the patterns and size distribution of burn scars was documented, which affected the reliability of medium resolution burnt area mapping. Unlike land cover, soil type was found to be a good indicator of the proportion of burnt area found in large burn scars and medium resolution burnt area mapping was found to be suitable for wetland areas. These, often extremely degraded, wetland areas experience yearly burning in varying intensity and are the main source of the annual haze affecting large areas of insular Southeast Asia. In addition, these fires cause globally significant carbon emissions due to burning peat (Page et al. 2002 , Cochrane 2003 and contribute to the ever increasing carbon concentration in the atmosphere, which again is considered to be an important factor in global climate change. When the abovementioned issues are combined with efforts to monitor the remaining wetland areas and control continuing degradation and conversion, it becomes obvious why fires in Southeast Asian wetlands have attracted worldwide attention during the past ten years and why it is important to be able to monitor the extent of burnt surface in these areas.
On the other hand, the usability of medium resolution satellite data for burnt area mapping in non-wetland areas in this region was considered to be low. Alternative data and methods or calibration with extensive amount of high resolution data may have to be used to reliably estimate the extent of burnt surface in these areas. However, the use of high resolution satellite data is complicated by high cost and sporadic availability of such images in the humid tropical conditions of insular Southeast Asia. Therefore, a test with superresolution MODIS images was conducted as a potential solution to this problem. But it failed to improve the detectability of small burn scars most likely due to atmospheric effects and insufficient number of available observations. It did, however, produce a visually superior image compared to traditional medium resolution composites and was therefore considered to be potentially useful for monitoring less dynamic targets than burn scars e.g. land cover.
Thus, regardless of the high cost and limited availability of high resolution satellite data, due to the difficulties and restrictions of medium resolution satellite data documented in this study, it seems that the most reliable way to map burnt areas in insular Southeast Asia with optical remote sensing data would be to use multi-source approaches combining medium and high resolution reflective data with soil information and possibly active fire detections. However, the details (materials, algorithms etc.) of any operational method have to be decided case by case. This study has not attempted to give specific instructions on the implementation of regional burnt area mapping system in insular Southeast Asia but aimed at improving our understanding of the underlying issues of medium resolution burnt area mapping in this region. The next step would be to apply the findings of this study into practice. It would be important to create an operational regional level burnt area mapping system for insular Southeast Asia that produces reliable results but it will be a challenging task.
